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Abstract 
Delayed rectifier potassium current (1艮)，which is activated during the 
phase 3 of the action potential, is important in the repolarization of the 
heart. It has been known that 1〖consists of rapidly-activating and 
slowly-activating components (lKr & ks). It has been demonstrated that 
the sinoatrial nodal region of the heart is highly innervated and 
adenosine 5'-triphosphate (ATP) may play an important role in 
modulating the heart beat activity. In this study, the effects of 
extracellular adenosine 5'-triphosphate ([ATP]。）on the slowly-
activating component of delayed rectifier potassium channel currents I^s 
in enzyme dissociated guinea pig single sinoatrial nodal (SAN) cells 
were investigated by using the whole-cell patch-clamp technique (22-24 
°C). lKs of SAN cells was elicited by a series of depolarizing pulses 
from -40 mV to + 100 mV with a 20 mV increment (duration = 2 s, 
stimulated at 0.2 Hz, holding potential = -40 mV). 
Application of [ATP]。(10 ^iM, 30 ^iM, 50 ^iM, 100 ^iM, 300 ^iM) 
produced an enhancement of the outward delayed rectifier potassium 
currents. The percentage increase by extracellular ATP oflKs (measured 





23.6 土 12.1 o/o, 60.4 土 15.6 %, 54.9 土 11.9 %， 6 1 . 9 土 20.4 % (n = 4-9) in 
the presence of 10 ^iM, 30 ^iM, 50 ^iM, 100 ^iM, 300 ^ M extracellular 
ATP, respectively. However, the enhancing effect of ATP could not be 
reversed after washout. 
Challenging SAN cells with 100 ^iM ATP-yS and 100 ^iM adenosine 
also caused an enhancement effect on lKs current. The percentage 
increases for ATP-yS and adenosine oflKs were 54.6 土 19.5 % and 49.5 
土 10.3 % respectively. These results suggest that both Pppurinoceptor 
(adenosine receptor) and P2-purin0cept0r (ATP receptor) exist in guinea 
pig sinoatrial nodal cells. 
The presence of GTP-yS (250 ^iM) in the internal pipette solution 
caused an inhibitory effect on basal I^s current. lKs currents measured at 
2 min and 5 min were 82.5 土 4.7 % and 69.0 土 5.1 % of control 
respectively. Subsequent addition of 100 [ iM ATP produced an 
enhancement effect on SAN lKs even in the presence of GTP-yS and the 
percentage increase was 54.3 土 33.6 %. This result suggests that G 
proteins may not be involved in the enhancement effect o f extracellular 





In conclusion, extracellular ATP produced an enhancement effect on 
guinea pig SAN lKs current. The enhancement effect was not due to the 
metabolite adenosine. Moreover, G proteins may not be involved in the 








作電位的 3 期 0 它包括快激活評流和慢激活鉀流（ lK r和 lKs ) 0 此 
外，大量硏究表明心臟寶房結具有豐富的神經分佈’而三磷酸腺=^ (ATP) 
在心臟搏動的調節中，扮演重要角色Q本硏究用全細胞膜片鉗技術探討 
胞外三磷酸腺=&對酶解膝鼠寶房結細胞（sinoatrial nodal c e l l )的慢極 
活鉀流的影響（實驗在攝氏二十二至二十四度進行）。而從-40mV到+100 
^•的一系列去極化脉冲被用於激發賛房結細胞的慢激活钟流（時限=2秒， 
強度 = 0 . 2 Hz，電位差二 -40 mV) o 
細胞外加入分別爲10 ^iM，30 _ ， 5 0 _ ， 1 0 0 _ ’ 300 _ 的 三 磷 酸 
腺苷，外向遲發性復極鉀離子流明顯增加0在100 mV的去極化脉冲作用 
2秒未測定，1尺3分別增力口16.1±3.9%， 23.6土12.1 %’ 60.4土15.6 
%，54.9 土 11.9 %，61.9 土 20.4 % (細胞數量二 4 - 9) o而且此效應不 
隨洗脫而反轉0 
加入外原性的ATP-YS 100 _或腺苷 ( A d e n o s i n e ) 100 _同樣可分別增加 






微管電極裡加入250 _的GTP-YS抑制 lKs 0在作用 1分鐘和 5分鐘時， 
I ks分別下降爲對照的82.47 土 4.73 %和 6 8 . 9 9 土 5.14 % o 但若再加 
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Chapter 1 — Introduction 
It is known that the heart's rhythmic activity arises from the 
discharge of cells in the sinoatrial nodal (SAN) region, that is, the 
pacemaker region. The SAN region is highly innervated by sympathetic 
and the parasympathetic nerves so that the heart rate can be modulated 
under different conditions. The effects of neurotransmitters, like 
adenosine 5'-triphosphate (ATP) released from the sympathetic nerve, 
on SAN cell ion channels have been shown to have fast kinetics 
(activity established within seconds after application of drug) and so it 
may be critical to the beat-to-beat regulation ofheart rate. 
The delayed rectifier potassium (lK) channel contributes most 
significantly to repolarization from the plateau phase. A decrease in 
function of the I& channels resulting from gene mutation or 
pharmacological block increases the risk of life-threatening ventricular 
arrhythmias. Therefore, it is very important to know the functions and 
regulatory properties of this specific I& channels. More importantly, it is 
important to fmd drugs that can modulate the repolarization mechanisms 
of the delayed rectifiers, which can help to alleviate the occurrence of 
the arrhythmias. In this project, modulation by extracellular ATP on 
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Time-dependent behaviour o f membrane currents contributing 
to the SAN pacemaker activity, illustrated in Figure 1.1，consists of 
nine membrane currents which interact to generate spontaneous 
pacemaker activity. These currents are the long-lasting L-type Ca〕+ 
current Ica,L, the transient T-type Ca〗+ current Icaj，the fast Na+ 
current lNa, the delayed rectifying K+ current 1(， the 
hyperpolarisation-activated current If, the Na-Ca exchanger I^ aCa, the 
Na-K pump Ip，and the background Na+ and K+ currents Ib,Na and Ib,K 
rTrisawa et al., 1993V 
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Figure 1.1 Schematic diagram of SAN cell model depicting membrane currents 
and associated fluid compartments (Dok6s et al., 1996). 
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1.1 Importance of SAN in heart functions 
n e inherent ability o f sinoatrial nodal (SAN) myocytes to 
generate a depolarising，unstable resting potential leading to 
automatidty is due to the development o f a net inward ion flux 
i ^ e d i a t e l y fol lowing action potential repolarization. A t least two 
principle hypotheses ofpacemaker generation have emerged so far. The 
first has been termed the “k-decay” hypotheses, and attributes the 
development o f the pacemaker potential prhnarily to the decline o f the 
outward delayed rectifier K+ current 1尺,which unmasks an underlying 
background inward current leading to membrane depolarization pVoble, 
1 9 8 4 ) . The alternative hypothesis regards the pacemaker potential as 
arising from the development ofat ime-dependent inward current, the 
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1.2 The importance of Adenosine 5'-triphosphate (ATP) 
A TP as a neurotransmitter，cotransmitter and neuromodulator 
Bumstock in 1978 suggested that ATP and/or adenosine, released 
at synaptic junctions could act as neurotransmitters, and might mediate 
"nonadrenergic, noncholinergic (NANC)" signalling. Bumstock was 
one of the first to suggest that nerve cells may release more than one 
transmitter. Since then numerous reports have appeared which support 
the concept of cotransmission, in particular the release of ATP with the 
classical peripheral neurotransmitters acetylcholine (ACh) and 
noradrenaline (NA). 
The possibility of cotransmission of ATP with N A was 
investigated on the vas deferens of various species. These studies 
supported the theory that ATP is a cotransmitter in sympathetic nerves 
in the vas deferens and the vasculature: 
(1) Vas deferens 
Swedin (1971) had suggested that the rodent vas deferens 
responds to stimulation of the postganglionic sympathetic nerves with 
trains of pulses with a biphasic mechanical response. In general, the 
- first phase is probably mediated mainly by ATP and the second mainly 
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released from the same nerve varicosity as cotransmitters. However, 
recent evidence by Todorov et al. (1997) suggests that they are released 
from different varicosities. 
(2) Blood vessels 
There is substantial evidence for the involvement of ATP in the 
sympathetic nerve-mediated responses of many isolated vascular 
preparations and the possibility of an involvement of ATP as a 
cotransmitter shows species variation: 
Examples: guinea pig mesenteric artery (Ishikawa, 1985); guinea pig 
saphenous artery (Cheung & Fujioka, 1986); rabbit hepatic artery 
(Brizzolara & Burnstock, 1990). 
The corelease of ATP with ACh has been suggested to occur from 
cholinergic nerves of both the somatic and autonomic nervous systems. 
For example, the neurogenic release of ATP from the somatic 
motorneurons of the skeletal neuromuscular junction of the rat 
diaphragm has been observed and a common vesicular origin for ATP 
and ACh was suggested by Silinsky (1975). Furthermore, ATP and its 
metabolites have been shown to have pre- and postjunctional 
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ATP can reduce the nerve stimulation-induced release of 
neurotransmitters from both central and peripheral nerves (Shinozuka et 
a/., 1988,1990; Sedaa et aL, 1990). In autonomic nerves, ATP can act 
as a modulator of neurotransmitter release. The general concept has 
been that this action is mediated by P, purinoceptors. The action of 
ATP is suggested to occur indirectly through the metabolite adenosine 
since ATP is a poor P, purinoceptor agonist while adenosine is a good 
Pi purinoceptor agonist. 
Role ofATP in the heart 
ATP exerts pronounced depressant effects in the heart. These 
include a negative chronotropic effect on cardiac pacemakers and a 
negative dromotropic effect on atrioventricular conduction. ATP can 
affect the input of the central nervous system (CNS) to the heart by 
triggering a vagal reflex (Pelleg et al., 1985). ATP can also affect the 
specialized tissues of the heart (i.e., pacemakers and specialized 
conductive tissues) either directly or indirectly via its breakdown to 
adenosine by ectoenzymes. -
Pelleg et aL (1985) found that, in the canine heart, both the 
negative chronotropic and dromotropic actions o fATP, on sinus node 
t 
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activity and atrio-ventricular conduction respectively, were more 
pronounced than those of adenosine. He suggested that the 
electrophysiological actions of ATP in the canine heart are the result of 
a vagal reflex triggered by the nucleotide as well as its breakdown to 
adenosine, with adenosine acting at Ppprinoceptor sites. Pelleg et al in 
1987 continued his experiments and discovered that ATP not only 
prevented vagal withdrawal but also caused a transient increase in vagal 
input to the heart. This conclusion is supported by the fact that 
muscarinic cholinergic blockade with atropine markedly attenuated this 
action of ATP. 
In guinea pig heart, ATP decreased ventricular pacemaker activity 
in v i t ro (Startk et al., 1994). In this preparation, ATP suppressed 
ventricular pacemaker cells more than the sinus node pacemaker. 
ATP has a biphasic action on frog atria with an initial excitation 
followed by"an inhibition (Flitney et al., 1977; Goto et al., 1977). The 
excitatory effects are mediated via P2-purin0cept0rs while the inhibitory 
effects are mediated via P! purinoceptors fol lowing degradation of ATP 
to adenosine (Burnstock and Meghji, 1981). 
In mammalian heart, the negative chronotropic effects of ATP and 
its negative inotropic effects on atria are due to its catabolism and action 
..t ‘ I 
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via adenosine at P! purinoceptor (Burnstock & Meghji, 1983; Collis & 
Pettinger, 1982). 
1.3 Importance of delayed rectifier potassium channels (lK) in the 
heart 
Ion channels are important for setting the resting membrane 
potential and modulating the excitability of nerve and muscle. 
Potassium channel currents are important in maintaining normal 
electrical activity. The change in membrane potential caused by 
depolarization opens multiple types of K+-selective channels, allowing 
passive efflux of K+ in accordance with its large transmembrane 
concentration gradient. The rate of net K+ efflux, and thus the rate of 
repolarization is determined by the density and gating properties of 
different K+ channels. Cardiac cells have different types o fK+ channels 
which are important for maintaining the normal cell resting potential 
and controlling the action potential duration. Cardiac action potentials 
are long because the many types of K+ channels that repolarize the 
membrane either activate slowly, inactivate rapidly, or conduct less at 
positive potentials. 
The cellular basis for the long plateau phase of cardiac myocytes 
is complex, but results primarily from inward rectification and/or very 
:•j 1 
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slow activation of multiple types of K+ channels. Generally, K+ 
channels in the myocardial cells can be divided into the depolarization-
activated and inwardly rectifying types. The delayed rectifier potassium 
(lK) belongs to the depolarization-activated type of potassium channel. 
Delayed rectifier potassium channel (h) 
Delayed rectifiers (lK) are activated by depolarization after a short 
delay, and are slowly inactivating. There are multiple components o f lK 
that display different time- and voltage-dependent properties and 
pharmacological sensitivites. For example, two components of 1(, 
referred to as lKr-rapidly activating and lKs-slowing activating, have 
been distinguished in guinea pig atrial and ventricular myocytes 
(Sanguinetti & Jurkiewicz, 1991 & 1992). The relative contribution of 
each of these distinct currents to net lK varies considerably among 
species and perhaps between different regions of the heart. In rabbit and 
cat ventricular myocytes, lKr]ike current is the largest I ( component 
(Colatsky et al., 1990); ks is the largest 1艮 in guinea pig (Sanguinetti 
and Jurkiewicz, 1990b). In addition, I^r and lKs densities vary in 
. , I 
1 
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different regions of the heart. In guinea pig, lKr and Ij<s densities are 
approximately twofold higher in atrial than in ventricular myocytes, 
likely contributing to the shortening of action potentials in atrial 
myocytyes (Sanguinetti and Jurkiewicz, 1991 &1992). 
Properties of Delayed rectifier potassium (h) channels in the 
sinoatrial nodal (SAN) cells 
The delayed rectifier potassium current in cardiac myocytes is 
thought to play a role in influencing the shape and duration of the action 
potential (Kass et al, 1991). I& is activated during depolarization (such 
as AP), and on repolarization to potentials levels in the pacemaker range 
it decays quite slowly. Shibasaki in 1987 showed that the time constant 
of lK decay in single SAN cells is 200ms at -60mV, and the diastolic 
interval lasts 200-300ms. lK is well placed to modulate the rate of the 
pacemaker depolarization. As such, whether it derives from a single or 
multiple channel types and their kinetic properties are important factors 
in determining their effects on heart rate (Chinn, 1992). Recent studies 
have shown that in guinea pig and canine ventricular myocytes and in 





Chapter 1 — Introduction 
components: a rapidly activating component 1艮” and a slowly activating 
component lKs (Sanguinetti & Jurkiewicz, 1991, 1992; Chinn, 1992; 
Wang etal., 1994; Gintant, 1996; Table 1.1). 
Table 1.1 Comparisons between 1民「& lKs. 
^Kr lKs 
1. Name fast activating / drug- slowly activating / drug-
insensitive delayed sensitive delayed rectier 
rectifier current current 
2. Onset of activation fast slow 
3. Sensitivity towards sensitive not sensitive 
class I I I blockers: E-4301, blocker: propofol 
antiarrhythmic drug dofetilide 
4. Reversal potential -94mV -77mV 
(Efev) 
5. Corresponding HERG a-subunits(l ,159 minK(129-130 a.a.)~~ 
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A. The rapidly activating delayed rectifier potassium current (I^r) 
The rapidly activating component of lK is also called drug-
sensitive current simply because it is sensitive to benzenesulfonamide 
antiarrhythmic drugs like E-4031. From Sanguinetti and Keating 
(1997), the fully activated current voltage relationship of Ijcr inwardly 
rectifies. Secondly, the onset of lKr activation is faster than that of lKs-
Thirdly, lKr is preferentially blocked by class I I I antiarrhythmic 
compounds. Unlike lKs which has fast deactivation, Chinn in 1992 
suggested that the drug-sensitive current had both fast and slow phases 
of decay. 1艮「activates at more negative potentials than lKs and more 
steeply. It is purely selective to K+ ions. 
B. The slowly activating delayed rectifier potassium current (Ixs) 
In contrast to Ijcr, the slowly activating component of Iic is called 
drug-insensitive current (Sanguinetti & Jurkiewic, 1990). I<s was 
characterized by a delayed onset of activation. Lei & Brown in 1996 
discovered that lKs, surprisingly, has a fast deactivation instead of a slow 
one. Moreover, since it is not close to E(, it indicates that this current is 
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the more the contribution of lKs. Therefore, both lKr and I^s are voltage-
dependent and depolarization-activated. 
Importance of h on heart function 
Activation of the delayed rectifier potassium current 1& by rapid 
depolarization is known to play a major role in action potential 
repolarization of cardiac cells. In the SA node, its subsequent 
deactivation following this repolarization has been hypothesized to be 
of critical importance in unmasking a net inward current (Noble, 1984). 
In SA node cells therefore, I^ _ appears to play a dominant role in 
determining both action potential duration and the rate of pacemaker 
depolarization. In ventricular, atrial and SAN cells of guinea pig, 1^ has 
been shown to consist of lKr which exhibits a strong rectification, and 
lKs which exhibits only weak rectification (Sanguinetti & Jurkiewicz’ 
1990’ 1991;Anumonwo et al., 1992). In contrast, lK in rabbit SAN cells 
appears to reflect predominantly only lKrtype behaviour (Anumonwo et 
al., 1992). _ 
t 
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1.4 Drug / hormone / neurotransmitter modulation of delayed 
rectifier potassium channels (1仄) 
Pru2S modulations ofh 
lK channels are involved specifically in the repolarization of 
cardiac cell membranes fol lowing an action potential (AP), and 
abnormal behaviour of these channels is thought to cause deviations 
from the normal rhythms of the heart, so-called arrhythmias. Therefore, 
it is important to know the effects of drugs on lK channels, so that we 
can understand more about the properties of this ion channel, and 
thereby develop new drugs in order to treat arrhythmias. 
A. Typical Class III antiarrhythmic drugs 
In many cardiac cells, the magnitude of I^r is the major 
determinant of AP duration. Blockade of this current can prolong the 
plateau phase of the AP. The most potent blockers of lKr are class I I I 
antiarrhythmic benezenesulfonamides such as E-4031, dofetilide and 
MK-499 (Sanguinetti & Keating，1997). These compounds were 
synthesized to mimic the K+ channel blocking properties and 
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prolong ventricular refractoriness and bring out the antiarrhythmic 
effect. 
B. New antiarrhythmic agent 
Class I I I antiarrhythmic agents have been shown to block lKr 
specifically (Colatsky et al., 1990). This activity is responsible for the 
dose-dependent prolongation of AP duration and the beneficial effect on 
atrial or ventricular arrhythmias. However, their use may be limited by 
two adverse effect: torsades de pointes and reverse use-dependence. (1) 
Excessive prolongation of the AP duration can be associated with an 
increased likelihood of the occurrence of early afterdepolarization 
(EAD) and proarrhythmias (Roden, 1993). This mechanism has been 
suggested to explain the origin of the torsades de pointes. (2) The class 
I I I agents have reduced ability to prolong AP duration when the 
frequency increases and this is called the reverse use-dependence 
(Hondeghem and Snyders, 1990). This kind of adverse effect has been 
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The newly developed antiarrhythmic agents exert their 
antiarrhythmic ability through different mechanisms: 
1) By blocking the slowly activated delayed rectifiers iKs： it is because 
lKs deactivates slowly, it tends to become relatively more important for 
repolarization at faster rates. A selective lKs blocker would therefore not 
demonstrate reverse use dependence and safer than a blocker of Ikr. 
Examples are: L-768,673 (Harold et al., 1997); a potassium-sparing 
agent triamterene (Daleau & Turgeon, 1994); sulfonamide diuretics 
such as indapamide and chlorthalidone (Turgeon et al., 1995). 
2) By blocking more than one type of ionic channels. 
Examples are: BRL-32872 which blocks lKr and L-type calcium currents 
(Br i l et al., 1995); Ambasilide which block lKr, iKs，transient and 
sustained outward potassium currents (Weyerbrock et al., 1997); 
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Hormones/neurotransmitters modulations of h 
As mentioned above, I& currents and cardiac function can be 
influenced by extrinsic factors, they can also be influenced by some 
intrinsic factors like hormones and neurotransmitters to achieve 
autonomic regulation. 
A. Endothelin-1 has depressant effects on 1仄 currents: 
Endothelin-1 (ET-1) is a 21-amino acid peptide hormone which is 
released from vascular and endocardial endothelial cells, especially 
under pathological conditions such as heart failure, myocardial 
ischaemia, and hypertension (Saitoh, 1990). Receptors for endothelin-1 
(ETA and ETe) are expressed in the myocardium. Endothelin-1 has been 
shown to regulate cardiac function through the modulation of ion 
channels. One of these ion channels is the delayed rectifier potassium 
channel. 
1) Washizuka et al. (1997) reported that ET-1 inhibits the cardiac 1乂 
currents via a pertussis toxin (PTX)-sensitive mechanism in guinea 
pig ventricular myocytes. They showed that nanomolar ET-1 
inhibits the slowly activated component o f lK currents (lKs) in a 
=1 
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concentration-dependent manner. The mechanism of inhibition was 
proposed to work via the ETVPTX-sensitive G proteinyTKA pathway. 
2) Tanaka et al. (1997) reported that endothelin-1 has a negative 
chronotropic actions on rabbit sinoatrial nodal cells. They demonstrated 
that ET-1 inhibits both L-type calcium currents and I& currents. 
B. ATP has enhancement effect on 1仄 currents 
ATP is an important neurotransmitter which is stored in secretory 
granules of sympathetic nerve terminals and is coreleased wi th 
noradrenaline and acetylcholine in reponse to nerve stimulation 
(Sneddon & Westfall, 1984; Gordon, 1986; Bumstock, 1986, 1995). 
ATP has been implicated in autonomic neurotransmission in various 
tissues. In the heart, depending upon the animal species, region and 
ATP concentration, ATP has intricate effects, including negative 
chronotropy (Burnstock & Meghiji, 1983; Pelleg et al., 1985)，negative 
inotropy (Bumstock & Meg^i，1983); negative dromotropy (Pelleg et 
al., 1985). Recently, it has been demonstrated in mammalian cardiac 
muscle that activation of P2-purin0cept0rs by extracellular ATP 
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1) Matsuura et aL (1996) suggested that external application of ATP on 
guinea pig atrial cells enhanced I& currents in a dose-dependent manner 
and the effect was mediated via P2-purin0cept0rs. They performed 
further experiments and found that the activation of P2-purin0cept0rs 
increases 1艮 currents through intracellular mechanisms independent of 
protein kinase A, protein kinase C or intracellular free Ca^^ in guinea 
pig atrial myocytes. 
2) Matsuura & Ehara (1997) continued their experiment in 1996 and 
proposed that there is a selective enhancement of the slow component of 
delayed rectifier potassium current (lKs) in guinea pig atrial cells by 
external ATP. 
C. Angiotensin II (AII) modulates lK currents 
Angiotensin I I is a peptide hormone which increases the 
production of second messengers such as inositol 1,4,5-triphosphate 
(IP3), phosphatidic acid, diacylglycerol and arachidonic acid in the heart 
(Sadoshima & Izumo, 1993). A I I reduces or slightly and transiently 
increases cAMP production. It also activates several kinases 
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currents through the second messenger systems. The two examples 
below shows that A I I modulates 1^： currents. 
1) Daleau & Turgeon (1994) demonstrated that physiological 
concentrations of A I I modulates major outward potassium currents 
involved in cardiac repolarization in guinea pig ventricular myocytes. 
They suggested that A I I increases amplitude of the rapid component of 
lK currents (lKr) but decreases its slow component I^s. 
2) Clement-Chomienne et al. (1996) proposed that application of A I I 
caused a decline in I& currents in rabbit vascular myocytes. They also 
concluded that A I I reduces amplitude of 1反 currents by interacting with 
AT i receptors and that this mechanism is independent of changes in 
/^, 
intracellular Ca concentration but involves protein kinase C (PKC) 
activation. 
D. P-adrenergic stimulation on lK currents is antagonized by 
cholinergic agonist 
The delayed rectifier potassium currents has been shown to be 
increased by P-adrenergic stimulation in different types of heart cells 
including ventricular cells (Matsuura, Ehara & Imoto, 1987; Walsh et 
al., 1988), atrial and pacemaker cells (Giles & Shibata, 1985). Binding 
of an agonist to the P-adrenoceptor activates adenylate cyclase via 
i'' « 
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Stimulatory GTP-binding protein to produce cyclic AMP, which in tum 
activates protein kinase A (PKA). Then PKA phosphorylates the 
substrate protein, leading to an increase in channel activity. Yazawa & 
Kameyama (1990) found that isoprenaline alone (10"^ M) increased I& 
currents but acetylcholine (10'^ M) suppressed lK currents which had 
previously been enhanced by isoprenaline. They concluded that P_ 
adrenergic modulation of 1^ currents is mediated by cyclic AMP-
dependent phosphorylation and not by an increase in intracellular 
calcium concentration. In addition, PKA and PKC enhance 1^ currents 
independently, and acetylcholine antagonizes P_adrenergic stimulation 
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1.5 Problems encountered in using extracellular ATP on 
experiments 
For many years research workers have been aware that in vivo 
administration of ATP was accompanied by rapid degradation; and 
anything apart from the most immediate results could be due to the 
effect of a metabolite. One of its metabolites is adenosine which is 
formed from ATP by 5'-nucleotidases. For example, in strips of guinea 
pig taenia coli, an adenosine transport inhibitor added to the organ bath 
potentiated relaxations to adenosine in the tissue (Satchell, 1991); it also 
potentiated the delayed phase of the response to ATP. A l l these 
experiments suggested that adenosine formed from ATP during its 
contact time with the preparation was in fact contributing to the 
relaxation (Satchell, 1991). Results of these experiments emphasize the 
effectiveness and rapidity with which ectoenzymes can convert ATP to 
adenosine and stress the care which must be taken in interpreting 
experiments on ATP, even in in vitro studies. Actually, the present 
project has attempted to illustrate whether of not extracellular ATP 
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1.6 Classification 0fP2-purinergic receptors 
Major nucleotide receptors 
Extracellular adenine nucleotides interact wi th P2-purinergic 
receptors in the central nervous system and peripheral tissues to produce 
a broad range of physiological responses. These receptors include the 
P2x-, P2Y-，P2T-，P2u-, P2z-purinergic receptor subtypes. Bumstock & 
Kennedy (1985) proposed that P2x-purinergic receptors mediated the 
contractile effects o f ATP on smooth muscle. They also proposed that 
P2vpurinergic receptors mediated the relaxant effects o f ATP on 
smooth muscle. The P2T-purinergic receptor responds to ADP but not to 
ATP and is expressed on platelets (Gordon, 1986; Hourani & Hall, 
1994). The P2u-purinergic receptor is a widely distributed 
phospholipase C-activating receptor that is stimulated by both ATP and 
UTP (Dubyak & EI-Moatassim, 1993). High concentrations o f ATP 
permeabilize cells through the so-called P2z-purinerg1c receptor 
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Subtype Agonist Pharmacological Effector G 
= _ _ selectivity protein 
P2x ATP and a,P-methylene ATP Ion channels (Primarily None 
ADP = p,ymethyleneATP Na+ and Ca^^) 
> ATP » ADPPS 
or 2-MeSATP 
^ i ^ ^ ATP and 2-MeSATP > 1) t Phospholipase C ^ 
ADP ADPPS > ATP 2)丄 Adenylyl cyclase Gi 
» a,P" 3) Ion channel: 
methyleneATP = => 个 Phospholipase A2 
pjmethyleneATP => tPhospholipase D 
=> t Adenylyl cyclase 
~ ~ ^ ~ ~ ADP 2-MeSADP > ADP, 1) I Adenylyl cyclase G； 
ATP, AMP = 2)个 Ca2+ (Ion channel) 
Antagonists 3 ) 个 Phopholipase C 
~ ~ ~ ^ ~ ~ ATp4- ATP^" = BzATP » Membrane pore None 
ATP 
~ ~ i ^ ~ ~ ATP and ATP = UTP > 1) T Phospholipase C Gq and 
UTP A T P y S » A D P ; 2)个 Phospholipase A2 Gi 
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P7y receptors 
Receptors for extracellular ATP were first subdivided into P2x 
and P2Y receptors subtypes by Bumstock & Kennedy (1985) on the basis 
ofpharmacological studies using isolated preparations from a variety of 
species. In addition to the pharmacological distinction between 
receptors for ATP into P2x and P2Y receptors, it became clear that they 
also differed in their transduction mechanisms; P2x receptors are 
transmitter-gated ion channels whereas P2Y receptors are members ofthe 
G protein-coupled receptor superfamily (Kennedy, 1990; Abbracchio & 
Burnstock, 1994; Fredholm et aL, 1994). Currently seven distinct P2x 
subunits are known to exist (North & Bamard, 1997; Bumstock, 1997) 
(Figure 1.2). These P2x subunits are transmitter-gated cation channels 
for extracellular ATP; all can apparently form homomeric channels, but 
it is l ikely that they exist in nature as heteromeric assemblies. P2x 
subunits belong to a family of ion channels that contain two 
hydrophobic transmembrane domains (TM) per subunit, intracellular N-
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Pyy receptors 
Five mammalian G protein-coupled receptors have been cloned 
and shown in functional studies to be activated by adenosine or uridine 
nucleotides (Webb et al., 1993; Chang et al., 1995; Communi et al,, 
1997). These receptors have been termed P2Y receptors and include the 
P2Y1, P2Y2, P2Y4, P2Y6 and P2Yi1 receptors (Figure 1.3). A l l the 
mammalian P2Y receptors that have been cloned to date activate 
phospholipase C when stably expressed in a null cell line (Communi et 
al. 1997). The human P2Y1 receptor is activated by adenine nucleotides 
and not by uridine nucleotides. ADP is the most potent natural agonist 
for this receptor (Leon et al., 1997). The human P2Y2 receptor is 
activated equipotently by ATP and UTP but is activated, most only 
poorly, by diphosphate nucleotides (Nicholas et al., 1996). The human 
P2Y4 receptor is activated by UTP and weakly, i f at all, by ATP, UDP, or 
ADP (Communi et al., 1995; Nguyen et al.’ 1995; Communi et al., 
1996). The rat and human P2Y6 receptor are UDP-selective and are 
activated weakly by UTP, ATP, or ADP (Communi et aL, 1996). The 
cloned human P2Yi1 receptor has been shown to be activated by ATP 
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1.7 Objectives of the current study 
(1) To investigate the modulatory effect of different concentrations of 
extracellular ATP on delayed rectifier potassium channels (lKs) in guinea 
pig sinoatrial nodal (SAN) cells. 
(2) To investigate whether the modulatory effect on lKs is due to ATP or 
its metabolite adenosine. 
(3) To investigate whether or not a G protein signalling pathway is 
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2.1 Materials 
2.1.1 Solutions 
Solutions for isolation of single sinoatrial nodal (SAN) cells (Table 2.1): 
A ) Normal Tyrode's solution --- glucose 5, l ,N-2-
hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES) 10，sodium 
chloride (NaCl) 132, calcium chloride (CaCl2) 1，magnesium chloride 
(MgCl2) 2, potassium chloride (KC1) 4.8. 
B) Ca2+- free Tyrode,s solution — glucose 5, HEPES 10, NaCl 132, 
MgCl2 2，KC1 4.8. 
Solutions for delayed rectifier potassium ( ¾ channels in patch-
clamping experiment (Table 2.1): 
A ) Normal Tyrode,s solution — glucose 5’ HEPES 10，NaCl 132, 
MgCl2 2, CaCl2 l ,KC14.8. 
B) External (bath) solution for SAN cells 1民 channels --- glucose 5， 
HEPES 5, NaCl 132, MgCl2 1，CaCl2 1，KC1 4.8. 1 ^iM nifedipine was 
added into the external solution to block the voltage-dependent L-type 
Ca2+ channel currents. 
C) Internal (pipette) solution for for SAN cells 1反 channels --- HEPES 
10, MgCl2 1, CaCl2 1, KC1 60, dipotassium adenosine 5'-triphosphate 
(K2ATP) 5, ethylene glycol-bis (p-aminoethyl ether) N,N，N，,N，-
tetraacetic acid (EGTA) 11, aspartic acid 50. 
"； 
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Table 2.1: Chemical compositions o f different solutions. 
Normal Ca:+ - free External ~"Internal 
Tyrode Tyrode Solution Solution 
Glucose 5 5 5 ~ 
^HEPES [0 i^ 5 i^ 
Amount (mM) NaCl m H2 m Z 
and CaCl2 1 — i i 
compositions MgCl2 2 2 1 1 
of m 48 4^ 4^ ^ 
chemicals K2ATP --- --- ― 5 
Aspartic acid — --- … 50 
EGTA --- --- --- n 
adjust to pH NaOH ~~NaOH NaOH KOH 
7.4 with 
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2.1.2 Enzymes 
Protease type X I V (Sigma Chemical company, St. Louis, MO, U.S.A) 
Collagenase type I I (Worthington Biochemicals company, Freehold, 
NJ, U.S.A.) 
2.1.3 Drugs 
A l l the following drugs used are brought from the Sigma Chemical 
company (St. Louis, MO, U.S.A.). 
Adenosine 5'-triphosphate (ATP) 
Adenosine-5'-0-(3-thiotriphosphate) (ATP-yS) 
Adenosine (Ado) 
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2,2 Methods 
2.2.1 Isolation of guinea pig SAN cells 
Single SAN cells were enzymatically isolated from adult 
guinea pig as described previously (Arena & Kass, 1988; Anumonwo 
et al., 1992). Adult guinea pig (220-250 g body weight, either sex) 
was kil led by cervical dislocation. The heart was excised and quickly 
mounted onto a Langendorff column. The heart was cannulated via 
the ascending aorta and retrogradely perfused at 37 °C. Initially, the 
o I 
heart was perfused with the Ca - free Tyrode's solution for 5-7 
minutes and then 7-8 minutes in the Ca〗+ - free Tyrode's solution 
containing protease type X I V (0.1 mg/1 ml) and collagenase type I I 
(0.8375 mg/1 ml). After that, the collagenase was washed out o f the 
heart with 200 ^iM Ca〗+ Tyrode's solution for 10 minutes. Finally, 
the digested right atrium was cut from the heart followed by 
identification of the SAN region in a small petri dish containing 200 
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2.2.2 Identification of SAN region 
The sinoatrial node is situated in the sulcus terminalis at the 
junct ion o f anterior aspect o f the superior vena cava with the right 
atrial appendage (Bharati & Lev，1988) (Figure 2.1). It extends from 
the hump of the right atrial appendage to the intercaval band. It is 
closer to the epicardium than the endocardium. It lies on and 
laterally to the posterior crest. 
〒 SA node 
f^S 
m-
Figure 2.1 Diagramatic sketch of sinoatrial node and its surroundings, with the 
epicardium removed. SVC: superior vena cava, SA node: sinoatrial node, R 
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Three criteria (anatomic landmarks, morphology, and 
electrophysiology) were used for the identification of SAN cells 
(Anumonwo et al, 1992). The SAN region was isolated as a small (2 
mm times 2 mm) piece of tissue bordered by the crista terminalis and 
intra-atrial septum on two sides and by the cranial and caudal vena 
cava on the other two sides. After isolation, a majority of the cells 
were spherical or round. Occasionally, there were a few spindle-
shaped cells. Cells used in the present study were spherical and had 
smooth surfaces. Furthermore, the cells were characterized by high 
input resistance values (0.7-1 GQ), low total cell capacitance (〜10 
pF). 
y ^ ! " ^ ^ " ^ ^ ^ " ^ " ^ ^ « ^ 
y _ ^ ^ / ！ ivc 
/f^ TK^^ ^ ‘_ 
Figure 2.2: Diagram to show the location of SAN region in the right atrium. 
SVC: superior vena cava, IVC: inferior;vena cava, IAS: interatrial septum, CT: 
crista terminalis. The region bounded by dashed line show where cuts were made 
(Denyer&Brown, 1990). .\ 
t • 
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2.2.3 Obtaining ofsingIe SAN cells 
After the location o f the SAN region was identified, the SAN 
/^丄 
area was put into a flask containing 10 ml 200 ^iM Ca Tyrode's 
solution and cut into small pieces followed by 20 minutes agitation in 
a water bath at 37 °C. Single cells were dislocated from the tissue 
after the agitation and were ready for use in the patch-clamp 
experiment (Figure 2.3). 
adult guinea pigs killed by 
cervical dislocation 
• 
heart quickly excised & 
mounted onto a 
Langendorff system 
^ 
heart retrogradedly perfused 
with enzymatic solutions 
• 
identification of SAN 
region & cut 
^ 
single cells obtained by 
gentle agitation & ready 
to use in patch-clamping 
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As reported by Anumonwo et al. (1992), single SAN cells are 
in oval/spherical shapes. Although different researchers (Irisawa et 
al., 1988; Nathan 1988) suggested that there were two types of cells, 
round and elongated, found in the region o f sinoatrial node, the type 
o f SAN cells we isolated were more or less similar to the one shown 
in the fol lowing diagram (Figure 2.4). 
^^ lJ^ ^^ ^^ [JJfl|^ |^^ jP^ i^ ^^ ^^ ^^ E^ |^ ^^ j^ffl^ y^ ^^ M^ ||^ ^^ P^ |^^ ^^ s^6j^ ^^ ^^ |^^ ^^ 8^|^ iy^ ^^ ip^ y^ i^pSB 
Figure 2.4: Shape of the rabbit SAN cell in Normal Tyrode's solution (Irisawa & 
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2.2.4 Preparation of micro-pipettes 
The micro-pipettes used in patch-clamping were made from 
Gold Seal Accu-fi l l 90 micropets (Clay Adams Inc., Parsippany, NJ, 
U.S.A) glass capillaries. The micro-pipettes were prepared and 
polished everyday before the experiment. 
2.2.5 The Patch Clamp Technique 
The detailed pactch clamp technique described by Neher & 
Sakmann (1976) revolutionized the study of cellular physiology by 
providing a high-resolution method of observing the function of 
individual ionic channels in a variety of normal and pathological cell 
types. By sealing a small pipette tip to a clean cell membrane, it 
became possible to record the ionic current through single channels 
contained in small patches from intact cell membranes. The 
application of negative pressure in the pipette could drawn the cell 
membrane up into the pipette tip, thereby forming a seal with a 
resistance with the order of 1 0 ¾ . This was called a "gigaseal" by 
Neher & Sakmarm. The gigaseal is mechanically stable, allowing 
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Recording Configurations 
The unique nature of the gigaseal makes possible a variety of 
recording configurations (Figure 2.5) that complement each other. 
The various methods can be divided into “inside-out,，or "outside-
out，，configurations, depending on whether the inner or outer cell 
membrane faces out toward the bath solution. Outside-out excised 
patch and whole-cell recordings represent outside-out configurations, 
whereas inside-out excised patch and cell-attached recordings are the 
standard inside-out techniques. The perforated patch recording 
technique is one of the recording configurations used to allow low-
resistance electrical access to the intracellular space while leaving the 
intracellular regulatory systems intact. This was done by adding 
some agents like nystatin and amphotericin B into the internal pipette 
solution which diffused onto the cell membrane and form pores 
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\ / GenUe \ I . 
\ / suction Y ? y 
! ^ " " ^ ^ >^ ! ^ ^ ^ Cal^ anached 
K^ i ” n V ^ 
pipette ^ x ^ 。 ^ \ s ^ Pull 
y ^ Suction Of \ s , ^ 
J f Vo«age ^ ^ 
，r p u l S 0 
^ ^ ^ sr. ^ ^ ^ — y — 
Exposure 
Pull 〖0 air 
\] F W。. 
^ U O u t s i d e ^ t lnside^ut 
Figure 2.5: Schematic diagram of various patch clamp recording configurations. 
A，low-resistance seal when pipette touches cell. B, gigaseal formed by gentle 
suction, allowing cell attached patch recording. C, perforated patch. D, whole-
cell configuration. E, vesicle formation by pulling pipette from cell-attached 
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In my study, the whole-cell configuration was used. The 
importance of the whole-cell patch clamp technique lies in the ability 
to study the function of the entire population of ionic channels on a 
cell membrane. After gigaseal formation, the membrane patch is 
ruptured with negative pressure to create a low-resistance access into 
the intracellular compartment. The advantages (Liem et al., 1995) of 
using this particular configuration are as follows: 
1) This method is less traumatic to the cell than direct impalement 
wi th microelectrodes. 
2) By the use of whole-cell voltage clamp methods, small (<30^im) 
cells typical of most mammalian cells can be studied. 
3) The high-resistance seals minimize leakage currents, making low-
noise recordings possible. 
4) With the whole-cell configuration, not only can the bath solution 
be manipulated, but the internal milieu of the cell also can be altered 
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Electrical Recordings 
The isolated single SAN cells were placed in a recording 
chamber (approximately 0.5 ml) which was mounted on the stage of 
an phase-contrast inverted microscope fNikon Diaphot TMD, Japan). 
Before the development of the whole-cell configuration, the cells 
were immersed in Normal Tyrode's solution. The freshly-made 
micropipette (as described previously) containing the internal pipette 
solution was placed into the pipette holder in which a single 
recording electrode was connected with the Headstage preamplifier. 
The Headstage preamplifier was connected to the Axon patch 200A 
Patch Clamp Amplif ier (Axon Instruments, California, U.S.A.). 
After that, the computer triggered depolarising voltages through the 
single recording elelctrode and also measured different current 
amplitudes across cell membranes. The currents were filtered at 5 
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Formation of gigaseal on cell membrane and the development of 
whole-cell configuration 
The changes during formation o f a gigaseal on cell membrane 
was seen on a 100 MHz Digital Storage Oscilloscope (Tektronix 
InC., Beaverton，Oregon, U.S.A.). Before the pipette tip touched the 
cell membrane and established a high-resistance seal, the pipette 
potential was adjusted to zero current potential in the Axonpatch 
amplifier. As the pipette tip was advanced towards the cell by a 3-
dimensional hydraulic micromanipulator QSfarishige Co. Ltd., Tokyo, 
Japan), a low voltage square wave was applied to the pipette 
electrode, allowing the monitoring o f seal resistance. When the tip 
came in contact wi th the cell surface, the current decreased, 
indicating an increase in seal resistance. Under the right conditions, 
gentle suction formed a gigaseal, which was signaled by a sudden 
increase in resistance wi th virtually no current recorded. Seals wi th a 
resistance of over 10^^ Q can be obtained routinely, which permitted 
the resolution o f currents o f less than a picoampere. The ability to 
form high resistance seals often varied from day to day, depending on 
the quality o f the isolated SAN cells after enzymatic treatment. After 
the establishment o f the gigaseal, the patched membrane was 
ruptured by further gentle suction.； 
？ 
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The changing of bathing solution and addition of drugs 
Once the whole-cell configuration was established, Normal 
Tyrode's solution bathing SAN cells in the recording chamber were 
changed for the external bathing solution. The changing of external 
solution was controlled by a solenoid valve which coupled to a 4-
channeled valve driver I I (General Valve Corporation, Fairfield, New 
Jersey). Control trials were performed by eliciting Different 
depolarizing pulses (from -40 mV to +100 mV with 20 mV 
increments) to stimulate the cell membrane. Currents were recorded 
until stable current traces were obtained. 
The addition of drug including ATP, ATP-yS, adenosine was 
also electrically controlled by another set of valve driver 11. Drugs 
were added to the recording chamber via a home-made multi-
barrelled ejection pipette which was 50-60 ^im from the cell. The 
multi-barrelled pipette was made by four syringe needles inserted 
into a glass micro-pipette. The syringe needles were fixed in position 
by a rubber ring surrounding them and the upper mouth of the micro-
pipette. After the complete change of drug solution (within 40 
seconds), the drug trials were performed and currents were recorded. 
f 
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For the GTP-yS experiment, it was added into the internal 
pipette solution and allowed to dialysed into the SAN cells. 
The voltage clamp protocol 
For each drug used in the experiment, three trials including the 
control, drug and recovery were performed. The holding potential 
was kept at -40mV. The depolarizing pulses for activation of lK 
currents were applied at a frequency of 0.2 Hz from -40 mV to +100 
mV with a 20 mV increment for a duration of 2 s. A l l the 
experiments were conducted at room temperature (22-24 °C). 
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Data Aquisition and Analysis 
The pClamp software (version 5.7.1，Axon Instruments, Foster 
City, Califonia, U.S.A.) which installed in a Comtech 486 computer 
was used to control the command potential. The output current 
signals were stored and displayed on the Comtech 486 computer 
linked moniter. A l l data were analyzed through the use o f clampex 
and clampfit functions of the pClamp software. 
Statistics 
A l l results were expressed in mean 土 S.E. mean. Comparisons 
between groups of data were carried out using Student's t-test and 
one-way analysis of variance (ANOVA) using Graphpad Prism 
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3.1 The modulatory effect of different concentrations of 
extracellular ATP ([ATP】。）on lKs in guinea pig SAN cells 
3. L1 Characterization of delayed rectifier potassium f I ^ ) currents 
In guinea pig and canine ventricular myocytes and in human atrial 
myocytes, I ( can be separated into two kinetically distinct components: 
a rapidly activating component I^r and a slowly activating component 
lKs (Sanguinetti & Jurkiewicz，1991，1992; Chinn, 1992; Wang et al., 
1994; Gintant, 1996). In the present studies, the slowly activating 
component I&s was examined. Figures 3.1 to 3.5 are the lKs current 
traces recorded with a series of depolarizng pulses from -40 mV to +100 
mV with an increment of 20 mV. The holding potential was maintained 
at -40 mV to inactivate the Na+ channels and 4 ^ M nifedipine was added 
into the the external bath solution to block the L-type Ca〗+ channels. 
From the control current traces shown, the lKs current in response to a 
voltage step to +100 mV exhibited a time-dependent increase in the 
outward direction during the voltage pulse. 
'•； 
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3.1.2 Stimulatory effect of extracellular A TP on 1^ current 
After stable control lKs current established, extracellular ATP 
were added to the SAN cell chamber using multi-barreled ejection 
pipette and the lKs were recorded. After the ATP challenge, a wash out 
trial was also performed. 
With different concentrations of ATP (10 ^iM, 30 ^iM, 50 ^iM, 
100 ^iM, 300 ^M), there was an enhacement effect on lKs current when 
compared to the control. The enhancement effect of extracellular ATP 
on lKs current became more pronounced in the presence of 100 p,M and 
300 ^iM ofextracellular ATP. 
The enhancement effects of ATP could not be reversed even after 
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JF]gure 3.1: Reperesentative delayed rectifier potassium ( l^^) current traces 
recorded in control (〇)，in the presence of 10 _ ATP ( • ) and recovery 
(A ). Currents were evoked by a series of depolarizing pulses from -40 mV 
to 100 mV with 20 mV increments at 0.2Hz 
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Figure 3.2: Reperesentative delayed rectifier potassium (I^^) current traces 
recorded in control (o )，in the presence of 30 p.M ATP ( • ) and recovery 
(A ). Currents were evoked by a series of depolarizing pulses from -40 mV 
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Figure 3.3: Reperesentative delayed rectifier potassium (Ij^^) current traces 
recorded in-control (o )，in the presence of 50 p.M ATP"(# ) and recovery 
(A ). Currents were evoked by a series of depolarizing pulses from -40 mV 
to 100 mV with 20 mV increments at 0.2 Hz. 
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Figure 3.4: Reperesentative delayed rectifier potassium (Ij^^) current traces 
recorded in control (o )，in the presence .Of 100 ^ M ATP ( • ) and recovery ： 
(A ). Currents were evoked by a series of depolarizing pulses from -40 mV 
to 100 mV with 20 mV increments at 0.2'Hz. , 
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Figure 3.5: Reperesentative delayed rectifier potassium (Ij^^) current traces 
recorded in control (〇)，in the presence o f300 ^ M ATP ( • ) and recovery 
(A ). Currents were evoked by a series of depolarizing pulses from -40 mV 
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3. L3 Current-V0lta2e relationshiv ofATP on h current. 
The current-voltage relationship oflKs in the presence of different 
ATP]o are showed in Figure 3.6 to 3.10. 
A l l five concentrations o f A T P (10 ^iM, 30 ^iM, 50 ^iM, 100 ^iM 
and 300 ^iM) produced an enhancement effect on lKs. The effect of 100 
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Figure 3.6: Current-voltage relationship of l^s observed under control ( o )，during 
exposure to 10 ^iM ATP ( • ) and after wash out of the ATP ( A ). Currents were 
elicited by 2 s depolarizations from -40 mV to^00 mV with 20 mV increments at 0.2 Hz. 
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Figure 3.7: Current-voltage relationship 0 ¾ observed under control ( o )，during 
exposure to 30 [ i M ATP ( • ) and after wash out of the ATP ( A ). Currents were 
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Figure 3.8: Current-voltage relationship oflKs observed under control ( o )，during 
exposure to 50 ^iM ATP ( • ) and after wash out of the ATP ( A ). Currents were 
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Figure 3.9: Current-voltage relationship ofl^cs observed under control ( o ), during 
exposure to 100 ^iM ATP ( • ) and after wash out of the ATP ( A ). Currents were 
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Figure 3.10: Current-voltage relationship of l^s observed under control ( o ), during 
exposure to 300 ^iM ATP ( • ) and after wash out of the ATP ( A ). Currents were 
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5.14 Percer1ta2e (%) increase of /^ current in the presence ofdifferent 
concentrations ofATP 
Degree of enhancement oflKs currents in the presence of different 
concentrations of extracellular ATP were expressed as percentage 
increase on lKs currents under control, during exposure and washing out 
of the drug ATP (Figure 3.11 to 3.15). The percentage change values of 
lKs currents during ATP exposure and wash out were calculated with 
reference to its own control (control was expressed as 100 %) at 100 
mV at the end o f 2 s depolarizing pulse. A l l the data shown are means 土 
s.e.m. values of percentage change oflKs currents. 
The percentage change of lKs currents was compared as shown in 
Figure 3.16. The results showed that the percentage change oflKs in the 
presence of 10 ^iM (n=4) and 30 ^iM (n=4) ATP were not significantly 
different from controls whereas that of 50 ^iM (n=4), 100 p M (n=9) and 
300 \xM (n=8) were significantly different from the control. In terms of 
percentage increase of lKs currents, only the higher concentrations of 
ATP (50 ^iM, 100 ^iM and 300 ^iM) were significantly different from the 
lower concentrations (10 p M and 30 ^iM) while all the other 
comparisons were not significantly different from each other. 
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Table 3.1 summarized the percentage increase of lKs currents in 
response to different concentrations of ATP. The percentage increase 
values of 10 ^iM, 30 ^iM, 50 ^iM, 100 ^iM and 300 ^iM ATP on lKs were 
16.1 土 3.9 o/o, 23.6 土 12.1 %, 60.4 土 15.6 %, 54.9 土 11.9 % and 61.9 土 
20.4 % respectively. 
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Figure 3.11: Effect of 10 i^M ATP on l[<s currents (n=4). Data shown here are means 
- 土 s.e.m. of percentage change of I Ks under control, during exposure to ATP and _ 
washing out of the drug. The percentage change value was calculated from the !Ks 
measured at the end of 2 s pulse at 100 mV. P > 0.05, percentage change value 
during ATP trial and wash out were not significantly different from the control (control 
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! Figure 3.12: Effect of 30 ^M ATP on I^s currents (n=4). Data shown here are means 
：' 土 s.e.m. of percentage change of I Ks under control, during exposure to ATP and 
‘ washing out of the drug. The percentage change value was calculated from the lj<s 
I measured at the end of 2 s pulse at 100 mV. P > 0.05, percentage change value 
i during ATP trial and wash out were not significantly different from the control (control 






Chapter 3 — Results 
• Control 
* ™ 50 ^iM ATP 
450"| ^ Recovery 
400-
350- * 
< < - N . “ ‘ 
S 二 300-
m 
Control ATP Recovery 
Figure 3.13: Effect of 50 i^M ATP on lj<s currents (n=4). Data shown here are means 
土 s.e.m. of percentage change of I Ks under control, during exposure to ATP and 
washing out of the drug. The percentage change value was calculated from the l[<s 
measured at the end of 2 s pulse at 100 mV. * P < 0.05 compared with its own 
control (control was expressed as 100%). 
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Figure 3.14: Effect of 100 i^M ATP on lKs currents (n=9). Data shown here are |. 
means 土 s.e.m. of percentage change of lKs under control, during exposure to ATP 
，nd washing out ofthe drug. The percentage change value was calculatedfrom the 
!Ks measured at the end of 2 s pulse at 100 mV. ** P < 0.01 compared with its own , 
control (control was expressed as 100%). | 
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Figure 3.15: Effect of 300 i^M ATP onlKs currents (n=8). Data shown here are 
means 土 s.e.m. of percentage change oflj<s under control, during exposure_to ATP 
and washing out of the drug. The percentage change value was calculated from the 
lKs measured at the end of 2 s pulse at 100 mV. • P < 0.05 compared with its own 
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Figure 3.16: Summary of effects of different concentrations of ATP on l^s currents. Data 
shown here are means 土 s.e.m. of percentage increase of l^s under exposure to different 
concentrations of ATP with currents evoked at 100 mV pulse. ** P < 0.01, * P < 0.05, 
compared with the control percentage change value (control percentage change were 
expressed as 100 %). The number of measurements at each concentration is shown in 
paretheses. 
Table 3.1: Percentage increase of lKs in the presence of different 
concentrations of ATP on lKs. 
Percentage increase on Ijcs 
Concentrations Io 30 50 foo 3 ^ 
ofATP ( _ 
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3.2 Investigation on whether the enhancement effect on lKs is due to 
ATP or its metabolite adenosine. 
3.2.1 Effect of 100 uMATP-yS and adenosine on h, currents 
Extracellular ATP is rapidly catabolized by a variety of 
extracellular ecto-ATPase and nucleotidases (Trams et al., 1980; Slakey 
et al., 1990; Plesner, 1995; Todorov et al, 1997). One of the ATP 
metabolites is adenosine. In order to determine whether the 
enhancement effect on lKs currents was due to ATP or its metabolite, 
adenosine and the ATP-yS (non-hydrolysable ATP analogue) were also 
examined in this study. 
Figures 3.17 and 3.19 showed the effect of 100 ^iM adenosine and 
ATP-yS on lKs. Similar to the experiments with ATP, currents were 
evoked by a series of depolarizing pulses from -40 mV to 100 mV with 
20 mV increments at 0.2 Hz. In the presence of 100 ^iM adenosine and 
ATP-yS, the amplitudes oflKs currents also enhanced. 
When the results were interpreted as shown in the current-voltage 
curves (Figure 3.18, 3.20), the enhancement effect of 100 [ M adenosine 
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Figure 3.17: Reperesentative delayed rectifier potassium (I^^) current traces 
recorded in control ( o )，in the presence of 100 p.M adenosine ( • ) and 
recovery (A). Currents were evoked by a series of depolarizing pulses from ： 
-40 mV to 100 mV with 20 mV increments at 0.2 Hz. i 
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Figure 3.18: Current-voltage relationship ofl^^ observed under control ( o )，during , 
exposure to 100 ^iM adenosine ( • ) and after wash out ofthe ATP ( A ). Currents were ‘ 
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Figure 3.19: Reperesentative delayed recti f ier potassium ( I j ^ ^ ) current traces 一 
recorded in control ( o )，in the presence of 100 j i M ATP-yS (• ) and 
recovery ( ^ ) . Currents were evoked by a series of depolarizing pulses from 
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Figure 3.20: Current-voltage relationship 0 ¾ observed under control ( 0 )，during 
exposure to 100 ^iM ATP-yS ( • ) and after wash out of the ATP ( A ). Currents were 
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3.2.2 Percentage increase of /^ in the presence of adenosine and ATP-
i § 一 
Figures 3.21 and 3.22 showed two bar graphs representing 
percentage change of lKs currents during drug exposure and after drug 
wash out. The percentage values were calculated with reference to its 
own control (control was expressed as 100 %) measured at the end of 2 
s pulse at 100 mV. The percentage increase oflKs currents in response 
to 100 ]JiM adenosine and ATP-yS was significantly different from its 
own control (n = 7，* P < 0.05 for adenosine; n = 5, * P < 0.05 for ATP-
yS). The percentage increase oflKs in the presence oflOO |oM adenosine 
and ATP-yS are 49.5 土 10.3 % and 54.6 土 19.5 % respectively (Table 
3.2). 
When the enhancement of lKs caused by ATP, adenosine and 
ATP-yS was compared, there was no significant difference between 
each other suggesting that effect of ATP on I^s was not due to adenosine 
(Figure 3.23). A l l these results obtained suggested that both Pp 
purinoceptor (adenosine receptor) and P2-purin0cept0r (ATP receptor) 
exists on guinea pig sinoatrial nodal cells and both Pppurinoceptor and 
P2-purin0cept0r caused enhancement oflKs. 
-.1 i 
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Figure 3.21: Effect of 100 ^M adenosine on l^s currents (n=7). Data shown here are 
means 土 s.e.m. of percentage change of l^s under control, during exposure to ATP 
and washing out of the drug. The percentage change value was calculated from the 
lKs measured at the end of 2 s pulse at 100 mV. * P < 0.05 compared with its own 
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Figure 3.22: Effect of 100 ^M ATP-yS on I ^ s currents (n=5). Data shown here are 
means 土 s.e.m. of percentage change of I ^s under control, during exposure to 
ATP-yS and washing out of the drug. The percentage change value was calculated 
from the 1«；5 measured at the end of 2 s pulse at 100 mV. * P < 0.05 compared with 
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Figure 3.23: Summary of the percentage change of l^s in the presence of 100 p,M ATP, 
ATP-yS, adenosine. Data shown here are means 土 s.e.m. of percentage increase on l^s 
during exposure to each agonists compared to its own control with l^s measured at the 
end of 2 s pulse at 100 mV. P > 0.05, percentage increase value for each agonist was 
not significantly different from each other. 
Table 3.2: Percentage increase values of different purinoceptors agonists on 
!Ks. 
Percentage increase on IK, 
Purinoceptors ATP (100 ^M) ATP-yS (100 | iM) Adenosine (100 ^iM) 
agonist 
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3.3 Investigation on whether or not G-protein signalling pathway 
involved in ATP-mediated response on SAN lKs 
3.3.1 Effect of GTP-yS alone on /^ currents 
A non-hydrolysable GTP analogue, GTP-yS (250 pM)，was added 
to the internal pipette solution. After a whole-cell configuration was 
established, the current-voltage relationship of lKs was constructed at 
time 0, 2 min，5 min in order to monitor the modulatory effect o f GTP-
yS on lKs. Figure 3.24 (upper traces) showed the inhibitory effect o f 
GTP-yS on IfCs. There was a progressive decrease in the lKs and the 
percentage change oflKs measured at 2 min and 5 min was 82.47 + 4.73 
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Figure 3.25: Effect of 250 jiM GTP^S on lKs currents (n=4). Data shown here are 
mean 土 s.e.m. of percentage change of l^s calculated when GTP-yS diffused to the 
cell through the internal pipette solution at 2 minutes and 5 minutes. The percentage 
change value was calculated from the l^s measured at the end of 2 s pulse at 100 mV. 
** P < 0.01 ’ * P < 0.05’ compared to 丨 Ks measured at time 0 (l|<s measured at 0 
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3.3.2 Effect of 100 uMATP in the presence of GTP-yS on 1^ currents 
Five min after GTP-yS (250 ^iM) diffused into the SAN cell, 
effect of 100 ^iM ATP on lKs was examined. lKs was evoked from -40 
mV to 100 mV with 20 mV increments at 0.2 Hz. The current traces 
and current-voltage relationship curve of lKs current under control, 
during exposure to 100 ^iM ATP and wash out were presented in 
Figures 3.24 and 3.26. ATP (100 ^tM) increased I^s currents even in the 
presence of GTP-yS and the percentage increase of lKs currents was 
54.26 土 33.6 % (Figure 3.27)，which was not different from the 54.9 土 
11.9 % in the group treated with ATP alone (Table 3.1). A l l these 
results suggest that G proteins may not involve in the enhancement 
effect of ATP on lKs. 
！ 
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Figure 3.26: Current-voltage relationship of l^s (with 250 f iM GTP-yS in the pipette 
solution) observed under control ( o ), during exposure to 100 [xM ATP-yS ( • ) and 
after wash out of the ATP ( A ). Currents were elicited by 2 s depolarizations from -40 
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Figure 3.27: Summary of effect of 100 i^M ATP on l|<s currents with 250 i^M GTP^S 
、 in the internal pipette solution {n=4). Data shown here are means 土 s.e.m. of 
percentage change of l^s under control, during exposure to ATP and washing out of 
the drug. The percentage change value was calculated from the l^s measured at the 
end of 2 s pulse at 100 mV. * P < 0.05 compared with its own control (control was 
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4.1 The modulatory effect of different concentrations of 
extracellular ATP ( [ A T P ] o ) on lKs currents in guinea pig SAN cells 
Adenosine 5'-triphosphate (ATP) is an important neurotransmitter 
which stored in secretory granules o f sympathetic nerve terminals and is 
coreleased wi th noradrenaline and acetylycholine in response to nerve 
stimulation (Sneddon & Westfall，1984; Bumstock, 1995). The delayed 
rectifier potassium channels are activated during depolarization and is 
an important factor in affecting action potential duration. Therefore 
they are important in regulating the beat-to-beat heart rate. Extracellular 
ATP has been reported to have an enhancement effect on 1民 currents 
(especially the slowly activating component I^s ) in guinea pig atrial 
cells (Matsuura et al” 1996; Matsuura and Ehara, 1997) and ventricular 
cells (Matsubayashi et aL, 1999) but nothing has been done on sinoatrial 
nodal (SAN) cells. 
Two kinetically distinct components o f 1反 have been identified in 
a variety o f animal species and tissue types, including guinea pig 
(Sanguinetti & Jurkiewicz, 1990，1991，1992; Chinn, 1992; Zeng etal., 
1995) and canine (L iu & Antzelevitch，1995; Gintant, 1996) ventricular 
myocytes, rabbit sinoatrial nodal cells (Lei & Brown, 1996; Habuchi et 
al., 1995) and human atrial myocytes (Wang et aL, 1994). These two 
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components consist of a rapid component (lKr) and a slow component 
(lKs). According to Sanguinetti & Jurkiewicz (1990’ 1991, 1992)，1、” 
the E-4031 sensitive component, activates more rapidly and at more 
negative potentials, and shows strong inward rectification; while lKs is 
E-4031 resistant, shows a linear current-voltage relation, and is 
activated slowly and at more positive potentials. However, there are 
evidences that lK in rabbit SAN cells is largely composed o f lKr with 
little lKs (Shibasaki, 1987; Verheijck et al., 1995; Ito & Ono，1995). On 
the other hand, it has been reported that the properties of 1^ in guinea 
pig SAN cells resemble those of I(s (ks is the dominant component) in 
ventricular myocytes and that there is little I^r present (Anumonwo et 
aL, 1992; Freeman & Kass, 1992). Moreover, since lKs activates slowly 
and the depolarizing pulses were elicited at 2000 ms (a long pulsing 
duration), lKs but not lKr predominated in the SAN cells. In the present 
studies, guinea pig SAN cells were used in the experiment thus the lKs 
component was examined. 
In the present studies, different concentrations of extracellular 
ATP (10 ^iM to 300 ]JiM) caused an enhancement on the amplitude oflKs 
currents but the effect is irreversible even after 5 to 10 minutes washing 
out o f the drug. The enhancement effect o f [ATP]。on I^s currents 
‘1 
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suggest that the release of ATP from sympathetic nerve cause an 
increase in outward I^s currents which make SAN cells repolarize faster. 
Therefore, the action potential duration (APD) of cell is shortened. 
It has been demonstrated that the enhancement effect of [ATP]。 
on guinea pig atrial and ventricular cells could be reversed upon 
washout (Matsuura et al., 1996; Matsubayashi et al； 1999). However, 
the present results showed that the ATP effect on guinea pig SAN cell 
was irreversible. Because the dissociation rate constant k2 for a weak 
agonist (> 10 ^iM, see Figure 3.16) is likely to be high, it does not seem 
possible that tight binding of ATP to the P2-recept0r accounts for the 
non-reversibility. The explanation for the non-reversibility may be that 
ATP-mediated reponse on lK currents works through second messenger 
signalling cascades which may be long-lasting. 
It has been demonstrated that extracellular ATP exerts 
modulatory effect on different kinds of ionic channels (L-type calcium 
channel, muscarinic potassium channel, delayed rectifier potassium 
channel) in the heart. Qi & Kwan (1996) demonstrated that [ATP]。 
produced an inhibitory effect on the L-type calcium channel in guinea 
pig SAN cells. In addition, external application of ATP activated the 
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muscarinic potassium current (Matsuura et al., 1996). In guinea pig 
atrial and ventricular cells, extracellular ATP has been shown to 
enhance the delayed rectifier potassium current (Matsuura et al., 1996; 
Matsubayashi et al., 1999). Results from all the studies showed 
modulatory effects of ATP on ionic currents in a concentration-
dependent manner. 
As shown in Fig. 3.16, it is obvious that at 50 [ iM the response to 
ATP reached the peak value and a plateau phase existed for the dose 
range of 50-300 ^iM. In the dose range of 10-30 ^M, four observations 
were made for each dose. There were in fact increases in mean values 
and the trend of change seemed to indicate that the increases were dose-
related. There was however no statistically significant difference 
compared with the control. I f the sample size in increased, the increases 
in lKs in response to 10 and 30 p M ATP may be significant and the 
increases may show dose-related relationship. The percentage increase 
oflKs currents compared to control was 10 ^iM = 16.1 土 3.9 %, 30 p,M = 
23.6 土 12.1 %, 50 ^iM = 60.4 土 15.6 %, 100 ^iM = 54.9 土 11.9 % and 
300 |uLM = 61.9 土 20.4 %. The percentage increase oflKs amplitude in 
guinea pig SAN cells in the present study was lower than that—recorded 
in guinea pig ventricular and atrial cells (with 50 ^iM ATP used). The 
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percentage increase of 1尺 in guinea pig ventricular myocytes and atrial 
cells are approximately 80 % and 100 % respectively (Matsubayashi et 
al., 1999; Matsuura et al,, 1996). In the present study, three higher 
concentrations of ATP (50 ^iM, 100 ^iM and 300 f iM) have similar 
percentage increase on guinea pig SAN Ij<s whereas lower 
concentrations of ATP (10 ^iM and 30 ^iM) only produced 
approximately 20 % increase. 
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4.2 Investigation on whether the enhancement effect on lKs is due to 
ATP or its metabolite adenosine 
It has been known that large amounts of ATP can be released into 
the extracellular space where it is rapidly degraded by ectoenzymes to 
adenosine. The half life of ATP in whole blood ex vivo is 
approximately 10 minute (Trams et al., 1980). Concentrations of ATP 
may be altered by ATP diphosphohydrolase, a family of ectoenzymes 
also known as apyrase, ecto-ATPase, nucleotide phosphohydrolase or 
ATP pyrophosphohydrolase (Plesner, 1995). Recent evidence has also 
suggested the existence of soluble ecto-nucleotidases (Todorov et al, 
1997). The functions of ecto-ATPases and ecto-nucleotidases are to: (1) 
terminate ATP/ADP-induced signal transduction; and (2) catalyze the 
generation of adenosine (and adnosine metabolites). Therefore, the 
enhacement effects of [ATP]。observed in the present studies could be 
due to adenosine instead of ATP. 
To explore this possibility, the effect of a nonhydrolysable ATP 
analogue [adenosine-5'-0-(3-thiotriphosphate), ATP-yS] and adenosine 
on lKs currents was also examined. When 100 ^iM ATP-yS was used in 
the experiment, an enhancement of I^s was observed. The percentage 
increase oflKs currents caused by ATP-yS was 54.6 土 19.5 % which was 
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comparable to ATP (54.9 土 11.9 %). These results imply that effect of 
A T P ] o is not due to degradation to adenosine and activation of I^s 
channels in SAN cells is worked through P2-purinerg1c receptors. In 
fact, there are numerous reports which suggest that ATP may act 
directly, and not by degradation to adenosine. In guinea pig ileum, 
ATP, in a theophylline-sensitive manner, exerted a direct action to 
inhibit ACh release that was not mimicked by a,p-methylene-ATP 
(Wiklund et aL, 1985). On the other hand, nucleotides do not need to be 
metabolized to adenosine in order to exert prejunctional effects derives 
from studies with S-p-nitro-benzyl-6-thioguanosine (NBTG), an agent 
that inhibits adenosine uptake (Kenakin and Leighton, 1985). NBGT 
potentiates the effects of adenosine but not those of ATP. The response 
to a submaximal concentration of P,y-methylene ATP is not enhanced 
by NBTG. In rat caudal artery and vas deferens, Westfall et al. (1990) 
demonstrated that ATP in a theophylline-sensitive manner inhibits 
norepinephrine release directly and not through hydrolysis of the 
nucleotide to adenosine. 
Moreover, the effect of 100 ^iM ATP-yS on lKs currents (as shown 
in the current traces) was not readily reversible and enhancement effect 
remained after wash out. It suggests that the enhancement effect of 
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ATP-yS on Ixs currents was also long-lasting and the lKs amplitude did 
not retum back to the control level even after five to ten minutes wash 
out. 
In addition to ATP and ATP-yS experiments, adenosine, the 
degraded metabolite of ATP was examined and determined whether it 
also took part in activating lKs channels or not. Surprisingly, 100 ^iM 
adenosine did exert an enhancement effect on SAN I [ currents and the 
percentage increase was 49.5 ± 1 0 . 3 %. The result suggests that 
adenosine acts similarly as ATP on SAN lKs currents. It means that 
extracellular application of adenosine to SAN cells triggers the opening 
oflKs channels. As a result, outflux of potassium ions (positive current) 
makes membrane repolarize faster and the action potential duration is 
shortened. 
Adenosine exerts pronounced depressant effects on cardiac 
pacemakers in most species including man (Belardinelli et al” 1983; 
DiMarco et al., 1983; Pelleg et aL, 1990). According to Belardinelli & 
Pelleg (1990), the endogenous purine nucleoside, adenosine, exerts 
pronounced effects on the cardiovascular system including vasodilation, 
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action on atrio-ventricular (AV) conduction, negative inotropic effect on 
atrial myocardium. The direct electrophysiological actions of adenosine 
in SA node are mediated by the activation of a specific subset of K+ 
channels resulting in increased K+ outward current, that is the delayed 
rectifier potassium current (Belardinelli et al., 1983; Kurachi et al., 
1986; Belardinelli et al., 1988). Adenosine also causes an indirect 
cAMP-dependent action mediated by the inhibition of catecholamine-
stimulated Ica and Ip (Belardinelli et aL, 1988). The overall effect of 
adenosine in the heart is to effectively slow and/or terminate abnormal 
cardiac rhythms such as A V nodal reciprocating tachycardias and other 
types of reentrant tachydcardias which depend on the A V node for 
electrical impulse propagation. On the other hand, there are data 
supporting the idea that adenosine confers cytoprotection to the 
ischaemic tissue (Butcher et aL, 1987; Boachie-Ansan et al., 1993). The 
Boachie-Ansan group showed that adenosine could reduce the severity 
of ischaemia induced life threatening ventricular arrhythmias when 
given exogenously. 
In the present study, both ATP and adenosine could stimulate 
SAN lKs channels to open and caused an increase in the outward “ 
direction of lKs- The percentage increase on lKs currents by 100 
f 
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| iM ATP and 100 ^iM adenosine were 54.9 土 11.9 % and 49.5 土 10.3 % 
respectively. This observation suggests that both Pp (adenosine 
receptors) and P2-purinergic receptors (ATP receptors) present in guinea 
pig SAN cells. In fact, adenosine receptors has been shown to present 
in guinea pig SAN cells (Meester et al., 1998). The agonist potency and 
antagonist affinity data obtained showed that the adenosine receptors 
present in the guinea pig SAN cells belong to the adenosine Apreceptor 
class. 
There is evidence showing that other regions of the heart also 
have both Pp and FVpurinergic receptors. Pelleg et al. (1986) 
demonstrated that adenosine and ATP are equipotent in depressing 
ventricular escape rhythms in dogs and both types of receptors are found 
from the ventricular myocytes. On the other hand, ATP exerts a much 
greater effect than adenosine on canine atrial action potential duration at 
equimolar doses and proved the existence of both types of receptors on 
atrial cells (Pelleg et al., 1985). Therefore, both P,- and P2-pur1nergic 
receptors exist in the heart. 
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4.3 Investigation on whether or not G-protein signalling pathway 
involved in ATP-mediated response on SAN Ixs 
Heterotrimeric guanine nucleotide binding (G) proteins are 
ubiquitous transducers of signals from the extracellular space into the 
cell. In the mammalian heart, inotropy, chronotropy and dromotropy 
has been reported to regulate by G protein-coupled pathways. 
Eschenhagen (1993) reported that P_adrenergic stimulation in the heart, 
via stimulatory G protein (Gs) and adenylyl cyclase (AC), results in an 
increase in inotropy, chronotropy, dromotropy. Moreover, PLC was 
also shown to be involved in the mediation o f positive inotropic effects 
by PLC-coupled receptors in the heart (Terzic et al., 1993). The PLC 
activity present in human myocardial tissue is regulated by G protein a -
and py- subunits. 
In various types of cardiac cells, I ( currents has been 
demonstrated to be regulated by protein kinase A (Yazawa & 
Kameyama, 1990; Walsh & Kass, 1991)，protein kinase C (Tohse et aL, 
1987; Walsh & Kass, 1988; 1991) and intracellular Ca"+ (Tohse et al” 
1987; Tohse, 1990). Walsh and Kass (1991) demonstrated that the 
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were regulated by protein kinases A and C. Similar experiments 
performed by Tohse et al. (1992) confirmed that oci-adrenoceptor 
stimulation produces an increase in 1民 currents through the activation of 
protein kinase C in guinea pig ventricular myocytes. 
In view of the importance of G protein in regulation of ion 
channels activities, it is of interest to determine whether or not G protein 
mediates the effects of extracellular ATP in guinea pig SAN I^s. 
Therefore, the guanosine 5'-triphosphate (GTP) analogue, guanosine-
5'-0-(3-thiotriphosphate) (GTP-yS), was added into the internal pipette 
solution during the experiment. GTP-yS is an nonhydrolysable stable 
GTP analogue which replaces GDP on activated heterotrimeric G 
protein (Schnabel & Bohm, 1996). The replacement induces the 
dissociation of the heterotrimer into a a-subunit and a Py-dimer 
(Schnabel & Bohm, 1996). The a- as well as Py-subunits can stimulate 
effectors. In the present findings, GTP-yS decreased SAN basal lKs 
significantly. The percentage decrease of SAN lKs were 82.47 土 4.73 % 
and 68.99 土 5.14 % respectively (with reference to the percentage value 
at time 0 min). This inhibitory effect on I^s currents implies that the 






Chapter 4 — Discussion 
The involvement of G； (inhibitory type ofGprote in) in regulating 
the function of 1艮 currents has been well documented. It has been 
demonstrated that acetylcholine binds to the muscarinic receptor 
through the inhibitory G protein to inhibit lK currents in guinea pig 
ventricular myocytes (Harvey and Hume, 1989; Yazawa and 
Kameyama, 1990). In both studies, acetylcholine (ACh) antagonized 
the stimulatory effect on 1民 currents produced by isoprenaline. ACh-
mediated response works through inhibitory G protein usually involves 
adenylate cyclase, but Harvey and Hume (1989) proposed that 
guanosine 3',5'-cyclic monophosphate (cGMP) instead o f adenylate 
cyclase may play a role in the signalling pathway. Therefore, the 
inhibitory effect on I^s currents in the present studies may due to 
activation through Gj protein. 
In order to figure out whether or not a G protein signalling 
pathway was involved in ATP-mediated response on SAN I^s currents, 
extracellular ATP (100 ^iM) was administered to SAN cells with GTP-
yS (250 ^iM) presented in the internal pipette solution. ATP mediated 
enhancement oflKs persisted in the presence ofGTP-yS. The percentage 
increase was 54.26 土 33.6 % which was not significantly different from 
GTP-yS-free condition. The result suggests that G protein may not 
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involve in the ATP effect on SAN lKs. Matsuura et al. (1996) reported 
that ATP further increases the isoprenaline-stimulated 1^ currents and 
suggests that P2-purin0cept0rs do not effectively interact with Gi in 
guinea pig atrial cell membrane. On the other hand, Matsubayashi et al. 
(1999) showed that a PTX-insensitive G protein is involved in the ATP-
mediated increased response in guinea pig ventricular myocytes. 
However, the present study showed G protein may not be involved in 
ATP-mediated response in guinea pig SAN lKs currents. A direct 
coupling of the P2-purin0cept0r to the muscarinic K+ channel through 
pertussis toxin-sensitive G proteins had been proposed, and Matsuura et 
<3/. (1996) suggested that it is analogous to the coupling mechanism of 
the muscarinic ACh receptor and P!-purinoceptor to this channel. These 
results indicate that different signal transduction pathways are activated 
fol lowing P2-purin0cept0r stimulation. These signalling pathways 
regulate the 1、currents and the muscarinic K+ channel differentially in 
guinea pig atrial, venticular and sinoatrial nodal cells. Although the 
ATP-mediated response on 1反 currents in both guinea pig atrial 
(Matsuura et aL, 1996) and SAN cells observed in the present study has 
been proved to be independent of G proteins, whether they work 
through the same mechanism or not cannot be ruled out at this moment. 
.,，-f 
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Indeed, several signal transduction patterns have been suggested 
for P2-purinergic regulation of different ion channels. Direct coupling 
of the P2-purin0cept0rs to the ionic channels is shown in the Ca〗+-
permeable channels in rat aortic smooth muscle cells (Benham & Tsien, 
1987). In rabbit heart, P2-purin0cept0r stimulation has been 
demonstrated to stimulate arachidonic acid metabolism through cyclo-
oxygenase and produce prostaglandins (Takikawa et al,, 1990). 
Furthermore, an isoform of a stimulatory guanine nucleotide regulatory 
protein (Gs) not coupled to adenylate cyclase has been implicated as a 
signal transducer for the P2-purinergic regulation of the L-type Ca〗+ 
channels in rat ventricular mocytes (Scamp et al., 1992). 
In conclusion, application of [ATP]。caused an enhancement 
effect on delayed rectifier potassium lKs channels in guinea pig single 
sinoatrial nodal cells. The effect of ATP was not due to the hydrolysed 
metabolite adenosine. Both Pp and P2-purinergic receptors are present 
in guinea pig SAN cells which act equipotently. Finally, the ATP-
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4.4 Limitations of this study 
The recording of lKs currents in the present study was carried out 
at room temperature (22 - 24。C) whereas Matsuura et aL (1996), 
Matsuura & Ehara (1997), and Matsubayashi et aL (1999) performed 
their experiments about ATP effect on Ij< at 36 °C. Therefore, there is a 
direct comparison of the effect of extracellular ATP on I^s-
4.5 Future studies 
(1) To identify the type(s) of purinoceptors involved in [ATP]。-
mediated reponses on lKs 
The present study demonstrated that both Pp and P2-
purinoceptors present may be on guinea pig SAN cells. Selective P2x-
(transmitted-gated channel) and P2vpurin0cept0rs (G protein-coupled) 
agonists can be used to classify further the P2-purin0cept0rs subtype 
involved. The rank order of potency of different P2-purin0cept0rs 
agonists can be constructed. 
f 
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(2) To evaluate the signal transduction pathways involved in [ATP]o-
mediated reponses on lKs 
Involvement o f P K A and PKC: 
Since P_adrenergic agonists are known to enhance 1艮 through 
protein kinase A (PKA) in various cardiac cells (Yazawa & Kameyama, 
1990)，the effect o f ATP on isoprenaline-stimulated 1^ can be used to 
determine whether or not PKA mediates the enhancement o f guinea pig 
SAN lKs through P2-purin0cept0r. 
A n activation of protein kinase C (PKC) have been associated 
wi th an enhancement o f lK in guinea pig ventricular myocytes (Tohse et 
al., 1987; Walsh & Kass，1988; Takikawa et al” 1990). Thus, PKC 
activators and inhibitors can be used to determine whether or not PKC 
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